This work deals with the optimization of flight-test maneuvers for aerodynamic parameter estimation considering that the measurements are contaminated with colored residuals. The colored residuals consideration is important to give a direct and realistic assessment of the parameter estimation uncertainty levels before flight testing. The design technique is based on the optimization of the flight-test data information content and the Cramer-Rao lower bound. The discrete autocorrelation matrix of the measurement residuals is also used to compose the optimization criterion, thereby explicitly considering colored residuals. To validate the proposed technique, a flight-test campaign of the CEA-205 CB-9 Curumim was performed and its results discussed. The advantages of the proposed maneuver optimization technique are presented, stressing the ease of implementation of the signals and the strong improvement in the estimation procedures made possible with the application of the optimized maneuver signals. 
T HE experiment design is one of the most important procedures used to guarantee high quality and efficiency for system identification and parametric estimation procedures. For this reason, experiment design methodologies for aircraft aerodynamic parameter estimates have been continuously investigated since the 1970s.
Marchand [1] dealt with this problem in the frequency domain by shaping the excitation signals to maximize the power spectrum density near the natural frequencies of the dynamic model under investigation. In this case, the signals considered were named bangbang square waves. Until now, the excitation signals proposed by Marchand have been vastly used in the aerospace industry and some of them have become known as the doublet, the 2-1-1, and the 3-2-1-1. The main purpose of those signals was to maximize the output sensitivities to the parameters of interest by maximizing the dynamic excitation in the frequencies near the system modes. In this way, the Cramer-Rao lower bounds, which can represent a measure of the parameter estimation accuracy [2] , are indirectly reduced.
Later, Stepner and Mehra [3] , Mulder and Breeman [4] , and Gupta and Hall [5] explored the minimization of the Cramer-Rao lower bound using numeric optimization procedures for experiment design. As an optimization criterion, these authors used some norm of Fisher's information matrix, M, such as its trace or its determinant.
Chen [6] , on the other hand, developed an experiment design formulation that focused attention on the minimization of the time needed to perform a parametric estimation maneuver. Later, Morelli [7] also treated this minimization. Both authors designed excitation signals to increase the efficiency of the experiments by reducing the time consumed for each parameter estimate as well as minimizing the Cramer-Rao lower bounds. In addition, by applying the multiobjective criteria, Morelli [7] combined the optimal time problem with the desired objectives for the Cramer-Rao bounds.
Regarding the constraints imposed to the maneuver design, the previous works normally considered the input variable limitation. This approach indirectly provided an assessment of the output variables. Morelli [7] also directly considered the output variable constraint application, providing a strong assessment of the flight safety and mathematical models constraints. By constraining the input signal amplitude or energy, the computational cost of the maneuver design procedure is decreased. In this way, however, the procedure depends on a posteriori analysis to verify whether the output variables respect the operational and mathematical constraints.
Another concern about the different techniques for experiment design is the shape of the excitation signal. Stepner and Mehra [3] and Gupta and Hall [5] designed the excitation signals as continuous functions, normally sine functions. In contrast, Morelli [7] employed bang-bang square waves as excitation signals. An advantage of these signals is the simplicity of their implementation by pilots. In addition, the square waves usually provide a richer frequency spectrum than the sine waves.
All aforementioned experiment design formulations assumed that the measurements were contaminated by a zero mean Gaussian white noise. These works were used to assess the theoretical accuracy of the estimates before flight testing, by inserting Fisher's information matrix, and then the Cramer-Rao lower bounds, in the design criterion.
Additionally, via experimentation with aircraft parameter estimation employing maximum likelihood (ML) algorithms, Iliff and Maine [8] noted that assessing the parameters estimate accuracy through the Cramer-Rao lower bounds could be too optimistic. Thenceforth, these authors proposed a rule-of-thumb index to correct the Cramer-Rao lower bound computed as described. After that, Iliff and Maine [9] and Maine and Iliff [10] concluded that the discrepancies between the Cramer-Rao lower bound computed considering the zero mean Gaussian white noise were due to the presence of colored residuals in measurements, usually encountered in-flight data.
Later, Morelli and Klein [11] proposed a more formal approach to determine the accuracy of the likelihood parameter estimation on the presence of colored measurement residuals. This approach computes the temporal correlation of residuals of a conventional ML estimation to quantitatively correct the Cramer-Rao lower bounds for arbitrary residuals. It accounts for colored residuals by estimating their correlation, thereby providing automatic and accurate Cramer-Rao lower bounds for the maximum likelihood estimator (MLE) estimates without any rule-of-thumb correction factors. Morelli and Klein [11] advised that this technique be used as a postprocessing tool to assess the accuracy of parameter estimates after flight testing and not used for aerodynamic parameter estimation experiment design.
The present work proposes a new approach for the experiment design for aerodynamic parameter estimation, which directly considers the colored residuals by inserting their effect in the optimization criterion. The basic technique in [11] is employed, but for experiment design and not as a postprocessing tool for assessing parameter estimate accuracy. More precisely, with the proposed approach, the residuals for correlation modeling can be obtained using flight data compatibility checks before the experiment design procedure. Once the residuals of each measurement of interest are obtained, their correlation can be computed and used to correct the cost function of the experiment design procedure. An improvement over previous techniques for maneuver design is then achieved, thereby providing a more reliable assessment about the accuracy of parametric estimates before flight testing. By using the proposed technique during the experiment design phase, the maneuver designer can avoid a too-optimistic expectative about the results reliability. This is especially important when specific goals for the parameter estimate uncertainty are required. Hence, the main contribution of this work is to propose a flight-test maneuver design procedure for reliably assessing the estimate variance before flight. It can be very important in parameter estimation flight-test campaign management, by increasing the process efficiency and decreasing costs.
It is important to stress that the treatment of the instrumentation system characteristics and quality has already been addressed in [3] [4] [5] [6] [7] , by using Fisher's information matrix to compose the design criterion, because M is a function of R, which is the covariance of the zero mean white noise associated with the measurement. The present work also proposes the consideration of the flight instrumentation system characteristics in the flight maneuver design procedure. However, a more realistic modeling for the measurement noise is employed, not as white noise with intensity matrix R but as colored noise.
Section II briefly deals with the problem formulation for experiment design considering colored residuals on measurements. For introductory purposes, the maximum likelihood estimation and Fisher's information matrix are summarized. In addition, in Sec. , the technique proposed by Morelli and Klein [11] is described as a cost function for excitation signal optimization considering the colored residuals on measurements. Section III describes the experimental setup used for validating the technique proposed in this work. The flight tests conducted to analyze the advantages of the colored residuals consideration are described, including details about the aircraft flown and its mathematical model. Also in Sec. III, the excitation signals specified for flight-test validation are detailed. Sec. IV presents the experimental results, analyzes the observed results, and compares them to the expected ones. Conclusions are drawn in Sec. IV that clarify the advantages of the proposed technique.
II. Problem Formulation
Before dealing with the experiment design problem and the Cramer-Rao inequality, it is important to recall some concepts about the MLE. The MLE has been widely applied to aircraft parameter estimation [12] [13] [14] . The dynamic models that describe the aircraft dynamics for parameter estimation can be defined by
where x is the state vector. In addition, u is the control input vector and is the system parameter vector. The parameter estimates are computed from the output variables. The system parameters are connected to the output variables through the observation equations, given by yt hxt; ut; (2) where y is the observation vector. In addition, it is necessary to consider the measurement noise to compose the measurement variable vector y m , defined by
where i 1; 2; 3; . . . ; N, N is the number of data points, and i is the measurement noise. Traditionally, the MLE formulation assumes that the measurement noise is a zero mean Gaussian white noise, with a covariance matrix defined by R. Under suitable assumptions, the MLEs are defined as the parameter vector that maximizes the conditional probability density function of the occurrence of y m , py m j. Considering that py m j exists, the Cramer-Rao inequality defines the lower bounds for the MLE asymptotically unbiased parameter estimation error variances as the inverse of Fisher's information matrix [14] : Fig. 1 Three views of the CEA-205 CB-9 Curumim.
where M is the information matrix, D M 1 is the dispersion matrix, and k is the kth parameter estimate error. The inequality in Eq. (4) holds just for asymptotically unbiased estimators, such as the maximum likelihood. In addition, for the existence of the equality in Eq. (4), the estimator must be efficient. It is possible to demonstrate that the maximum likelihood is an efficient estimator for a large number of data points. It is important to point out that, for the systems described by Eq. (1-3), Fisher's information matrix can be computed by [15] 
where S @y @ is the sensitivity matrix. Thus, in [7] the author proposed a multi-objective criteria for experiment design through the minimization of the main diagonal elements of the dispersion matrix, 
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which is the inverse of M. Minimizing the main diagonal means the minimization of the parameter estimate variance. In this case, the criterion was specified in such a way that the cost function was similar to
where n is the number of the parameters of interest, and k and & k are the kth parameter estimate variance and variance objective, respectively. As mentioned in the Introduction, the assessment of the uncertainty levels of the likelihood parameter estimations, traditionally, is performed using Fisher's information matrix as in Eq. (5) by applying the Cramer-Rao inequality. In a previous work [8] , the use of this approach was considered to be inadequate, as it usually produces a too-optimistic reliability assessment when dealing with real flight-test data. At least this approach can become inadequate when designing flight-test maneuvers for parameter estimation, because discrepancies between the expected variances and the real ones are bound to occur. As a consequence, the designer may be unable to achieve the imposed requirements for parameter estimation reliability.
This happens because Fisher's information matrix does not deal with colored residuals and the Cramer-Rao lower bound computed becomes too optimistic when treating real flight-test data, which usually contains colored residuals on measurements.
Therefore, trying to increase the reliability of the parameter estimate variance estimation, Morelli and Klein [11] proposed the introduction of a term to consider the temporal correlation of the measurement residuals, thereby accounting for colored residuals. Under some suitable assumptions about the dependency on M, D, and S with respect to the parameter estimates, they defined the parameter estimates variances as
Hence, to consider colored residuals in Eq. (7), the measurement noise covariance matrix can be computed as Efij T g R vv i j, where R vv is the autocorrelation matrix, which can be obtained as
In addition, by combining Eqs. (7) and (8), it follows that
Equation (9) was proposed by Morelli and Klein [11] to correct the uncertainty level computation of the parameter estimation from the flight-test data. In [11] , the advantages of this approach become clear, guaranteeing a more reliable assessment of the parameter estimation variance after flight testing.
In the present work, the use of Eq. (9) instead of Eq. (4) is proposed to compose the optimization criteria for maneuver design procedures. In this case, the residuals to compute the autocorrelation matrix, R , are obtained using flight data compatibility checks and flight reconstruction algorithms before the experiment design, which is a viable procedure. Once the residuals of each measurement of interest are obtained, they can be used to compute Eq. (8) and, consequently, to compute Eq. (9) . An improvement in the previous techniques [1] [2] [3] [4] [5] [6] for maneuver design is achieved, definitely providing more a reliable estimative of the accuracy of the parametric estimates before flight testing. These concerns motivated the present work to propose a maneuver design procedure considering the optimization criteria given by
where c k is the kth parameter estimate variance computed by Eq. (9). This technique, as far as the authors are aware, is being used for the first time in the present work as the optimization criterion to compose the cost function of the parameter estimation flight-test maneuver design algorithm.
The main difference between Eq. (10) and Eq. (6) as the optimization criterion for parametric estimation maneuver design is that Eq. (10) considers the measurement colored residuals, instead of just the measurement white residuals, as Eq. (6) does. This consideration brings more confidence to the parametric estimate variance computation, resulting in more reliable designed maneuvers.
The present work is not focused on the optimization algorithm used to minimize Eq. (10), and so details will be omitted. The algorithm used here is a genetic algorithm, aiming to take advantage of its global search capabilities and constraint imposition facilities for multi-objective optimization. More details about the optimization procedure can be found in [16] .
III. Experimental Setup
To provide experimental data to validate the proposed technique, a dedicated flight-test campaign for excitation signal design analysis was performed. In this flight-test campaign, the CEA-05 CB-9 Curumim aircraft was instrumented with a flight-test instrumentation system and used as an experimental platform for flight. The flight-test instrumentation system used provides measurements for all anemometric variables, such as angle of attack and true airspeed; inertial variables, such as angular rates and linear accelerations; and control surface displacements. During each flight, the flight-test data have been recorded for postflight processing.
Before the parameter estimation flight-test maneuver design procedures, during the campaign planning, the CEA-205 CB-9 Curumim aerodynamic characteristics and engine deck were provided by the Centro de Estudos Aeronáuticos of the Universidade Federal de Minas Gerais (CEA/UFMG) to allow the dynamic modeling of the excitation signal specification for the flight test. Such dynamic modeling was used to compose the dynamic modeling shown in Eq. (1) and to allow the cost function for the optimization procedure shown in Eqs. (6) and (10) .
The case study reported here is the experiment design for the parameter estimation of the longitudinal short period dynamics of the CEA-205 CB-9 Curumim. This is a light biplace aircraft developed and built by CEA/UFMG. The three views of the Curumim are shown in Fig. 1 .
The short period of the Curumim can be described by 
The aircraft has a 14 m wingspan with 560 kg of maximum takeoff weight. The maneuver speed is 120 km=h, and the stall speed is 77 km=h. The load factor limits are 2:9 and 1:5 g. 
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Some engineering computations made by CEA/UFMG provided the CEA-205 CB-9 a priori aerodynamic modeling, which allowed the maneuver design procedure by the computation of the aircraft dynamic model, Eq. (1); its outputs Eq. (2); and, consequently, the sensitivity matrix S and the information matrix M. Thus, combining that with the a priori knowledge concerning the R , Eq. (9) is computed to process the cost function for optimization. The a priori estimated values for the aerodynamic parameters presented in Eq. (11) Two maneuvers were flown to explore the advantages of the colored residual consideration when specific objectives for the parameter estimate variance are presented during the maneuver design procedure. The main purpose was to compare the multi-objective criteria proposed by Morelli [7] , Eq. (6), and the multi-objective criteria described in Eq. (10).
The nominal flight-test point was specified as follows: 1) pressure altitude: 1371 m (4500 ft), and 2) true airspeed: 31:3 m=s (70 mph).
All flight-test runs were performed near this flight-test point in an effort to reduce the parameter estimate dispersion due to different flight-test conditions. For each maneuver under analysis, a 120 min flight was performed. From each flight, 20 runs were collected for the parameter estimation statistical analysis.
During a previous flight-test campaign, a data compatibility check was performed to obtain the measurement residuals of interest and to compute their autocorrelation. The data compatibility flight was performed in a clear sky and under favorable weather to avoid turbulence. The residuals were obtained from fitting the data from dynamic flight maneuvers with the model described in Eq. (11), which is the same used for parameter estimation in the case study of this work. This procedure provided residuals containing measurement noise, as well as unmodeled dynamics from sensors and aircraft.
The power spectral density (PSD) and correlation of the extracted residuals were computed. Figures 2-4 show the PSD and the R function for the measurements of interest: angle of attack, pitch rate, and vertical acceleration, respectively.
Figures 2-4 indicate strong energy near relatively low frequencies and a high temporal correlation of the measurement residuals, which means that high colored characteristics can be found in the measurement residuals of interest. These observations indicate that, in addition to the zero mean white measurement noise, the residuals are contaminated with other unmodeled characteristics of the sensors and aircraft. By using these residuals during the design procedure, the resultant maneuvers tend to maximize the parameter estimation reliability considering the effects from the unmodeled characteristics of the system.
To evaluate the technique proposed in this work and make comparisons between previous works, two optimized flight-test maneuvers were designed and flown. The first, namely, the optimized 1 maneuver, employs Eq. (10) as the optimization criterion, which is the cost proposed in this work. The second, namely, optimized 2, uses Eq. (6) as the cost function for the optimization.
Both maneuvers were designed to achieve the same preestablished objectives for the parameter estimate variance of four aerodynamic derivatives of interest: Z , M , M q , and M e . The parameters Z q and Z were considered of lesser interest at this stage, due to the low sensitivity of the aircraft dynamics with respect to these parameters. In a second phase, with a good estimation of Z , M , M q , and M e , a flight-test maneuver could be designed to address the parametric estimation of Z q and Z . The individual objectives for the optimization procedure were established as relative variances and are shown in Table 1 .
For both maneuvers, the main constraint imposed on the design procedure was in the vertical acceleration variation, 0:6 g, so as to avoid a high load factor. The elevator input excursion was also constrained in the range of 10 deg for the same reason. The maximum time for each maneuver was established to be 15 s, because this was enough for the short period excitation. In addition, for simplifying implementation by the pilot, the minimum period between the commutation times was established to be 0.5 s. The commutation time, in this case, is the period that each bang of the excitation signal remains positive or negative. This constraint is small enough and, at the same time, is feasible to be manually inputted by the pilot. The stopping criteria for the optimization procedure was less than 0.01% of relative improvement in the cost function, which was achieved in the 35th iteration.
Both optimization procedures for maneuver design resulted in variances near the objectives. The resultant excitation signals for elevator deflection are shown in Fig. 5 . In addition, Table 2 shows the theoretical parameter estimate variances computed by the maneuver design procedure before flight testing. The theoretical variances for the optimized 1 maneuver were computed employing Eq. (10), which means that the measurement noise was considered as colored. On the other hand, the theoretical variances for the optimized 2 maneuver were computed employing Eq. (6), which means that the measurement noise was considered as white.
From Table 2 it can be seen that the optimized 1 design procedure resulted in theoretical variances slightly larger than those for the optimized 2 design. This is expected, because the optimized 1 design is more realistic, for it considers colored residuals on measurements. Although the optimized 2 design resulted in lower theoretical variances, by analyzing the PSD of each excitation signal (see Fig. 6 ), it becomes clear that this design has much less energy over the spectrum of interest. This suggests that the optimized 2 design is too optimistic and hence may not reach the design objectives.
The excitation signals shown in Fig. 5 were manually applied during 20 runs on two different flights. In Figs. 7 and 8 the complete data set for these runs is shown. The elevator deflection and the aircraft response concerning angle of attack, pitch rate, and vertical acceleration can be observed for all flight-test runs.
In addition, the power spectral densities of the excitation signals applied during the flight experiments are shown in Fig. 9 . The PSDs shown in Fig. 9 have shapes similar to the theoretical ones shown in Fig. 6 , which indicates that the specified excitation signals were adequately implemented by the pilot.
In addition, by analyzing both signal excitation shapes (see Fig. 5 ), it is possible to conclude that the optimized 2 design seems to be too optimistic, because its amplitude and length are considerably smaller than those for the optimized 1 design. Consequently, although the optimized 1 design employed the same constraints for the input and output amplitudes as the optimized 2 design, it produced more energy and dynamic excitation than the optimized 2 design. As a consequence, lower parameter estimation error variances were obtained, as expected. To confirm this expectation, the maximum likelihood output-error parameter estimation method was applied to the data shown in Figs. 7 and 8. The 20 different estimates for each parameter of interest are shown in Table 3 .
As shown in Table 3 , the aerodynamic parameter estimates presented different dispersions around values biased from the initial guess. To compare the performances of the optimized 1 and 2 designs, each parameter estimate dispersion was modeled by a normal probability density function, by computing the parameter estimate average value and the standard deviation. Figures 10-13 show the parameter estimate dispersions and their probability density function for each parameter and each optimized maneuver design.
The trend observed in Figs. 10-13 is that the optimized 1 design significantly decreased the estimate variances for M and M q . By comparing the relative Cramer-Rao lower bounds computed before flight testing (see Table 2 ), these results were expected. More precisely, by not considering the colored residuals, the optimized 2 design produced very optimistic estimate variances for these two parameters. Based on the probability density functions shown in Figs. 10-13 and the numerical values shown in Table 3 , it is concluded that the proposed technique provides more reliable estimates of uncertainties before flight testing. For parameters Z and M e , the performance of the two designs were similar.
IV. Conclusions
Aircraft parameter estimation experiment design is one of the most important procedures used to guarantee high quality and efficiency for aerodynamic system identification. Although experiment design methodologies have been continuously investigated since the 1970s to guarantee efficient and safe maneuvers, the assessment of reliable parameter estimate variance estimates before flight testing, during the maneuver design phase, has been rarely treated. These concerns could become critical, mainly when specific objectives for estimate variances are established and the flight maneuver design criteria do not take into account real flight data phenomena, such as colored noise on measurements.
In this work, a technique for flight-test maneuver design tailored for parameter estimation was proposed, taking into account the issues concerning a) flight-test procedure efficiency and safety, and b) the assessment of reliable parameter estimate variance estimates before flight testing. The technique is based on the consideration of colored residuals on measurements by computing the residual autocorrelation and using it in the design criteria.
Validation was performed by extensive experimental data analysis, including a dedicated flight-test campaign of a light aircraft. During the flight-test campaign, several flight-test maneuvers were designed and analyzed. For this work, two of them were chosen to demonstrate the advantages of colored residual consideration when designing maneuvers for specific multi-objectives. Both maneuvers were designed under the same constraints. The optimized 1 design employed the optimization criterion proposed in this work, which consider colored residuals on measurements. The optimized 2 design, on the other hand, employed an optimization criterion that considers only white noise on measurements.
By means of an ML parameter estimator, its was shown that the optimized 1 design provided better estimates, closer to the established objectives, even using the same designing constraints as the optimized 2 design. The optimized 2 design provided too-optimistic values for parameter estimate variances, which can be detrimental when predefined targets exist for the estimate variances.
The maneuver design procedure proposed in this work, considering colored residuals on measurements, is a reliable technique that supports parameter estimation flight-test campaign planning and execution. Because of its peculiar optimization criterion, some benefits can be achieved, such as 1) the reliable assessment of the parameter estimate variances before flight testing, thereby providing an adequate evaluation of the flight-test maneuver under design; and 2) the development of excitation signals for parameter estimation flight-test maneuvers that are adequate for practical implementation by the pilot.
As a further improvement, the implementation of a similar flight maneuver design approach for nonlinear, unstable, and closed-loop systems could be considered. In addition, the implementation of the proposed technique in-flight and in a real-time environment with direct interfaces with the parameter estimation algorithm is desired, for providing highly accurate parameter estimates.
